We investigate mesoscopic spin transport through a quantum dot (QD) responded by a rotating and an oscillating magnetic fields. The rotating magnetic field rotates with the angular frequency ω0 around the z-axis with the tilt angle θ, while the time-oscillating magnetic field is located in the zaxis with the angular frequency ω. The spin flip is caused by the rotating magnetic field, and it is the major source of spin current. The Zeeman effect is contributed by the two field components, and it is important as the magnetic fields are strong. The oscillating magnetic field takes significant role due to the spin-photon pumping effect, and the spin current can be generated by it even as ω0 → 0 for the tilt angle θ = 0.
semiconductor system has been presented [7] . The spincurrent circuit and generator phenomena are also proposed to develop the spintronics, such as the spin-battery proposals [8] [9] [10] . The conductance through a local nuclear spin precessing in a magnetic field has been studied, and the conductance oscillation is found due to the spin-flip coupling between the electrons on the spin site and the leads. The conductance oscillation is composed of ω L and 2ω L components of oscillations, where ω L is the Larmor frequency [11] . In Ref. [12] , the spin field effect transistor (SFET) is presented to be induced by a rotating external magnetic field without involving magnetic materials. The generated spin current is tunable by the gate voltage. As the source-drain bias is removed, the charge current is zero, but the spin current is nonzero.
This can make us to operate the spin current purely. The mechanism of the spin current generation is the spin-flip effect of the local electron in the quantum dot (QD).
In this paper, we deal with the spin and charge transports through a quantum dot applied with a rotating magnetic field B 0 and an oscillating magnetic field B 1 .
The spin-flip is induced by the applied tilting magnetic field which is also rotating around the z-axis. The Zeeman split provides novel channels for electron to tunnel in addition to the original channels of QD. The coupling of spin-up and spin-down components causes novel transport in the nonmagnetic material system. The offdiagonal elements of Green's function in spin space are resulted from spin-flip effect, which induces the spin current in the presence of rotating magnetic field. The oscillating magnetic field is a non-collinear magnetic field with the rotating magnetic field, and it is physically interesting to see the compound effects caused by these magnetic fields. The spin-flip effect may cause asymmetric effect, and the oscillating magnetic field induces novel side-bands. The pumped electrons form photonassisted spin and charge currents. The mesoscopic tunnelling is therefore controlled by the external rotating and oscillating magnetic fields, which can make us to consider oscillating field effect spin-charge devices. Section II presents the system formalism and formula derivation.
The Landauer-Büttiker-like formula is given there. Numerical calculations are performed in Sec. IV. Charge and spin currents are displayed as the source-drain bias is zero and nonzero. Brief discussion and concluding remarks are arranged in the final section.
II. HAMILTONIAN AND FORMALISM
The rotating magnetic field rotates with the angular frequency ω 0 around the z-axis with the tilt angle θ, and the azimuthal angle ϕ(t) = ω 0 t, i.e., B 0 = B 0 (sinθ cos ϕ(t)e x + sinθ sin ϕ(t)e y + cosθe z ). The timeoscillating magnetic field B 1 located in the z-axis is defined as B 1 (t) = B 1 cos(ωt)e z , where ω is the angular frequency of the oscillating magnetic field. The total magnetic field applied to the QD is B = B 0 +B 1 . We consider the single level QD system, and neglect the intra-dot elec-tron interaction. The Hamiltonian of our system is given
where the oscillation of phase factor; the Zeeman splitting of energy levels. This system corresponds to the one that the QD is connected to two electrodes, and the spin-flip effect takes place due the magnetic field B 0 .
In order to handle the problem conveniently, we make the gauge transformation for the wave function Ψ(t) = no spin-flip, or spin-orbit interaction in the leads. This means that there is no spin generation in the leads, and the continuity equation gives ∂Ŝ γ,µν /∂t+Î γ,µν (t)s µν = 0, where s =h σ/2, andÎ γ,µν (t) is the current operator in the γth lead associated with spin indices µ, ν defined bŷ
The current is determined by taken the expectation value over quantum state and grand canonical ensemble expec- 
The notationσ denotes the spin variable by making spin flipping versus σ, i.e., if d σ represents spin-up electron, the notation dσ represents spin-down electron. The source terms can not be cancelled by summing up the spin variable σ in the above equation, and thus the spin current is non-conservative in our system. Nevertheless, the charge current is conserved to satisfy the continuity
is the charge operator of QD. The detailed spin current is strongly dependent on the structure of concrete system.
We define the Green's function G X σσ (t, t ) (X ∈ {r, a, <}) of the coupled QD corresponding to the retarded, advanced and Keldysh Green's functions [15] [16] [17] . The retarded (advanced) Green's function is defined by
The Keldysh Green's function is defined by 
The self-energy of the γth lead is defined by Σ
, is the Green's function of the γth lead.
In the absence of alternating magnetic field component as B 1 = 0,and without the spin-flip effect, the Green's function of the isolated QD in the applied static magnetic
The energy level of QD is split due to the applied static Zeeman magnetic field, which is dependent on the tilt angle θ. From the equation of motion, the retarded Green's function of electron in QD can be derived to satisfy the
The spin-flip effect is contained in the second term of Eq. (7) 
The information of spin-flip effect is contained in the first term of Eq. (8) 
We make Fourier transformation over the two times t , t , and solve the time-averaged spin and charge currents.
From Eq. (7), we obtain the quasi-equilibrium retarded
Green's function of QD
where
, and
The Bessel function of the first kind J n (x) is involved in the Green's functions. We have defined the Green's functiong
The first term in Eq. (9) gives the diagonal elements of re- 
The self-energy Σ X σσ ( ) in above formulas is defined as
In the self-energies of leads, we have defined the Fourier transformed Green's functions of leads as g 
The Zeeman splitting, photon absorption, and spin-flip effect contain in the Green's functions above.
Making Fourier transformation over the current equation (6), and substituting the Fourier transformed selfenergy matrices into it, we can derive the current formula in Fourier space. We are interested in the time-averaged tunnelling current, and only consider the diagonal current I γ,σσ in spin space, since it is associated with experiments. Thus, we obtain the time-averaged diagonal elements of current formula of the γth lead in spin space
where G r σσ ( ), and G < σσ ( ) are the diagonal elements of retarded and Keldysh Green's functions given by Eqs. (10) and (12) . We have used the notation G (13), we obtain the diagonal elements of current as
γ,σσ . The first part of current is given by the Landauer-Büttiker-like formula [18, 19] 
where 
γ,σσ is determined
The spin current is induced by applying the magnetic field B to form spin flip, and it is intimately associated with the photon absorption procedure. As the oscillating component of magnetic field is zero, the spin current is generated by the rotating field, and this current becomes zero as ω 0 → 0 [12] . However, one observes that novel pumping spin current appears due to the oscillating mag- 
III. NUMERICAL CALCULATIONS
We perform the numerical calculation of spin and The spin current resonance versus gate voltage in the absence of source-drain bias is presented in Fig.2 to exhibit the modification of spin current by the oscillating magnetic field component. In the absence of external oscillating field, two resonant peaks are observed to be located at eV g = ±∆, which is already stated in the spin-pumping system [12] , and the spin-precessing system [11] . However, as the oscillating field is applied to the system, the resonant structure is modified considerably.
The modification of spin current is sensitively associated with the frequency of the applied oscillating field. As the frequency ω = 0.6∆/h, a large main resonant peak emerges, and several small side peak are mounted on the main peak. As ω = 0.3∆/h, the spin current is relatively small, and the current structure is quite different compared with the others. GHz. In the absence of oscillating magnetic field, one observes that the spin current increases rapidly with the frequency to reach its maximum value at ν 0 = ∆/h, and then declines monotonically [12] . The nonzero pumped spin current by the oscillating field as ω 0 = 0 is explicitly displayed. The modified and suppressed spin current signifies the spin-photon absorption effect.
The spin current versus the photon energy of the oscillating field hν (ω = 2πν) is depicted in Fig. 4 . The peak
and valley structure appears in the frequency regime as 0 < ν < 1.5∆/h. As the ν >> 1.5∆/h, the saturate spin current is achieved.This figure shows that the magnitude of spin current is intimately determined by the parameters θ, and ω 0 . The peak and valley structure keeps by changing the parameters θ, and ω 0 , and it comes from the competition of spin-up and spin-down current parts with respect to the frequency ω.
We present the charge current-voltage characteristics in Fig. 5 to show the photon-assisted tunnelling and spin-flip effect by changing the source-drain bias eV . The charge current is contributed by the two parts shown in Eqs. (14) and (15) . As the magnitude B 1 of oscillating magnetic field approaches zero, two distinct steps appear at eV = ±∆. This denotes that the single level of quantum dot is split to form double levels, and the gap between the two levels is E g = 2∆, which can be seen from solid curve directly. This situation indicates that the normal metal QD changes to semiconducting QD with energy gap E g . As the oscillating magnetic field is applied to QD, the charge current is modified due to photon absorption and emission. The spin-flip effect, Zeeman effect, and photon-assisted tunnelling devote together to the charge current. The energy gap E g disappears due to the electron absorbing photons to form novel channels for electrons to tunnel. This behavior becomes stronger as the frequency of oscillating magnetic field is larger.
The spin current-voltage characteristics are exhibited in Fig. 6 to display the influence of the source-drain bias and oscillating magnetic field. As eV = 0, the spin current is contributed by both of the two parts given in Eqs. (14) and (15) . The spin current appears quite differently from the charge current shown in Fig. 5 . The spin current is symmetric about eV = 0, and a resonant peak emerges at eV = 0 for the case ashω = 0.6∆. The magnitude of spin current declines with the photon energy, and several hills are mounted on the curves. The shape and magnitude of spin current intimately rely on the photon energy. For example , the spin current exhibits a valley at eV = 0 when the photon energy is small (dotted curve), but this valley becomes peak whenhω is large (solid curve). As θ = nπ, the oscillating magnetic field acts as a photon-electron pump, and the photon energy induces the additional photon bias to generate spin current. The magnitude of generated spin current is dependent on the photon energy. On the other hand, the photon absorption also induces multi-levels for electron to tunnel through QD, and the positions of photon-induced channels are completely dependent on the photon energy.
Therefore, the photon-assisted resonant transport and spin-flip effect determine the mesescopic spin transport together.
The gate voltage controls charge and spin currents by tuning eV g , which shows symmetric behavior with respect to the gate voltage at zero source-drain bias ( 
